Previous studies propose that submarine landslides and turbidity currents may become more likely due to future rapid global warming. Determining whether global warming increases likelihood assists in assessment of landslide-triggered tsunami hazards and risk to seafloor structures. Other studies propose that landslides helped to trigger past rapid climate change due to sudden release of gas hydrates. Two deep-water turbidite records show prolonged hiatuses in turbidity current activity during the Initial Eocene Thermal Maximum (IETM) at ∼55 Ma. The IETM represents a possible proxy for future anthropogenically-induced climate change. It is likely that our records mainly represent large and fast moving disintegrative submarine landslides. Statistical analysis of long term (>2.3 Myr) records shows that turbidity current frequency significantly decreased after the IETM. Our results indicate that rapid climate change does not necessarily cause increased turbidity current activity, and do not provide evidence for landslides as a primary trigger for the IETM.
Introduction
A period of unusually rapid global warming occurred at ∼55 Ma (McInerney and Wing, 2011) , termed the Initial Eocene Thermal Maximum (IETM). This hyperthermal represents the warmest period on Earth during the Cenozoic (Schmitz et al., 2001) , featuring, at its peak, a dramatic 6-8 • C warming of global deep waters over a period of approximately 10 kyr (Kennett and Stott, 1991) . The IETM is marked globally by a negative carbon isotopic ratio (δ 13 C) excursion, which has been linked to methane emissions due to dissociation of gas hydrate in marine sediment. Other causal mechanisms have been invoked (Dunkley-Jones et al., 2010) , but emissions of methane from marine hydrates are one of the most widely held explanations for IETM (Dickens et al., 1995; Katz et al., 1999 Katz et al., , 2001 . The IETM has been used as a proxy for presentday anthropogenically-induced global warming Dunkley-Jones et al., 2010) . Understanding changes in the frequency of landslides and turbidity currents in response to the IETM may help predict future changes in landslide and turbidity current frequency as climate warms. It has been proposed that rapid global warming will lead to significant increases in landslide and turbidity current fre-* Corresponding author. Tel.: +44 (0) 1491 820 869.
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quency, due to gas hydrate dissociation in response to elevated ocean temperatures (Maslin et al., 1998; Nisbet and Piper, 1998; Owen et al., 2007; Lee, 2009; Maslin et al., 2010) . Dissociation of gas hydrate can weaken slopes and increase the probability of slope failure (Grozic, 2010) .
In addition to climate change causing variations in landslide or turbidity current frequency, it has been proposed that submarine landslides play a role in driving rapid climate change (Kennett et al., 2003; Maslin et al., 2004; Bock et al., 2012) . These studies suggest that dissociation of gas hydrate within, or below, the failed slide material, may lead to significant emissions of methane (Katz et al., 1999; Hornbach et al., 2007; Maslin et al., 2010) . It was proposed that release of methane (a strong greenhouse gas) from gas hydrate within marine sediment, due to landslides or other processes, was the major control on atmospheric methane abundance (Kennett et al., 2003) . The validity of this "clathrate gun hypothesis" is contentious. Methane emissions from wetlands may exceed those from gas hydrates hosted in marine sediments, as suggested by isotopic analysis of methane within ice core records (Sowers, 2006) . Here we consider whether our two study locations provide evidence that landslides may have helped to drive climate change through methane emissions. This has not previously been investigated using continuous turbidite records across well dated climatic excursions. 
Turbidites as a record of disintegrative landslides
It is logistically difficult to accurately date a sufficient number of landslides (>100) around a basin margin for robust statistical analysis of recurrence intervals during the IETM. However, we have records of turbidity current frequency across the IETM, which contain distal landslide deposits. The large number (N = 285 to 421) of turbidites in our records enables statistical analysis of recurrence intervals. Turbidity currents can be triggered by a range of processes other than submarine landslides, however, such as storm waves and hyperpycnal river flood discharge (Normark and Piper, 1991; Piper and Normark, 2009; Talling et al., 2013) . It is therefore important to assess the level of certainty that these turbidites are landslide triggered. Turbidity currents with suspended sediment volumes far in excess of the largest river floods are likely to be triggered by submarine landslides (Talling et al., 2007 Talling, 2014) , although other triggers may cause flows that pick up sediment en-route. Individual turbidite beds cannot be mapped over large areas to determine volumes for either of our study areas. Thus, it cannot be shown unequivocally that our turbidites are landslide triggered. It is probable that some landslides occurred, but failed to disintegrate to form long run-out turbidity currents that reached our study areas. Therefore not all landslides are likely to be recorded in the datasets.
However, both datasets are inferred to come from distal basin plain depositional sequences, featuring minimal erosion (Weaver and Thomson, 1993; Whitmarsh et al., 1998; Schmitz et al., 2001) . It is thought that landslides trigger many of the turbidites seen in other basin plain sequences, where volumes can be constrained (Elmore et al., 1979; Pilkey, 1988; Talling et al., 2007 Talling et al., , 2012 Hunt et al., 2013; Clare et al., 2014) or cables have been damaged by flows (Piper and Savoye, 1993; Piper et al., 1999) . It is thus reasonable to infer that a predominant fraction of turbidites within our basin plain sequences were triggered by landslides.
Geohazards and global sediment flux
Due to their potential volume and speed, submarine landslides can generate destructive tsunamis that cause fatalities, or damage expensive seafloor structures (Tappin et al., 2001; Bondevik et al., 2005) . The morphology and extent of a landslide will affect its hazard potential. Deep-seated, fast moving landslides may be more prone to tsunami-genesis and release of gas hydrate, whereas more widespread, thinner failures triggered by seismic shaking may have a reduced influence. Regardless of initial mechanics, if a disintegrative landslide triggers a turbidity current, it may pose a hazard to pipelines and seafloor cable networks (Piper et al., 1999; Bruschi et al., 2006; Carter et al., 2012 ) that carry over 95% of transoceanic data traffic including the internet and financial services (Carter et al., 2009) . Turbidity currents that result from disintegration of submarine landslides, as well as from other triggers, may reach speeds of up to 19 m/s (Piper et al., 1999) . Understanding the frequency of submarine landslides and turbidity currents, regardless of trigger, is therefore important for geohazard assessments.
An individual landslide may comprise up to thousands of cubic kilometres of sediment, two orders of magnitude greater than the largest terrestrial landslides (Hühnerbach and Masson, 2004; Haflidason et al., 2005; Korup et al., 2007; Masson et al., 2010) . Turbidity currents have also been shown to transport hundreds of cubic kilometres of sediment for several hundreds of kilometres . Submarine landslides and turbidity currents are therefore major contributors to global sediment flux.
Previous work
Of the previous studies that have attempted to quantify turbidity current recurrence frequency (e.g. Droxler and Schlager, 1985; Weaver et al., 1992; Beattie and Dade, 1996; Goldfinger et al., 2003; Romans et al., 2009; Atwater and Griggs, 2012) , only a handful consider large numbers of events (N > 100) over long (>1 Myr) timescales (e.g. Weaver et al., 1986; Clare et al., 2014; Hunt et al., 2014) . Submarine landslide frequency studies typically analyse fewer than ten events (e.g. Geist and Parsons, 2010) . Exceptions exist with up to 68 dated events (e.g. Owen et al., 2007; Urlaub et al., 2013) ; however, these global databases only extend back in time to a maximum of 180 ka.
Despite this, many studies have drawn conclusions about the influence of variables such as sea level and global temperature variations on landslide recurrence rate (e.g. Owen et al., 2007; Brothers et al., 2013) . Conversely, some studies have shown that non-random processes, such as sea level change, may not exert a dominant control on landslide (Geist and Parsons, 2010; Urlaub et al., 2013 and turbidite recurrence (Beattie and Dade, 1996; Hunt et al., 2013; Clare et al., 2014) . To make more meaningful, quantitative inferences on triggering and conditioning factors, there is a need for statistically robust (N > 100) datasets of landslide ages to be acquired in a variety of settings.
Aims
Our first aim is to test whether rapid global ocean warming at the IETM (∼ 55 Ma) coincides with an increase in turbidity current activity. This is to determine whether global warming may have promoted slope instability, or vice-versa through dissociation of gas hydrates. We analyse deep-water turbidite records (Fig. 1 ) from the Zumaia coastal outcrop in NE Spain (2.3 Myr) and from ODP borehole records on the Iberian Margin (5.5 Myr). Here we assume that these turbidity currents were mainly triggered by submarine landslides. The datasets contain sufficient bed quantities for statistical analysis (i.e. N > 100).
Secondly, we aim to determine if recurrence intervals of turbidity currents were significantly different prior to, and after, the IETM interval over a window of ∼1 Myr. This is to assess if the IETM exerted a longer-term influence on turbidity current activity. Here we make no assumption on the nature of turbidity current trigger.
Thirdly, we aim to determine whether our results are consistent with previously published deep-water records across the IETM. We discuss the implications of our work for predicting future submarine landslide and turbidity current activity, and whether landslides may contribute to rapid climate change through gas hydrate dissociation and methane emissions.
Study areas
The datasets selected for this study satisfy four main criteria. Firstly, they represent a continuous sedimentary record including the IETM. Second, they feature sufficient (N > 100) turbidites for statistical analysis. Third, hemipelagic mud can be distinguished clearly from turbidite mud. This allows the cumulative thickness of hemipelagic mud to be measured, and used as a proxy for time between dated horizons in the stratigraphy. This method allows turbidite recurrence times to be estimated. Fourth, the sections have good age dating.
The first site is a coastal exposure at Itzurun Beach, Zumaia in NE Spain (Fig. 1B) . This is one of the most expanded and continuous sections through the IETM worldwide (Canudo and Molina, 1992; Canudo et al., 1995; Schmitz et al., 2001) . A robust age and Kaminski et al., 1989) ; (B) Zumaia and surrounding region (modified from Schmitz et al., 2001 ); (C) ODP Site 1068 (modified from Whitmarsh et al., 1998). climate framework was developed from palaeoclimatic, palaeontologic, palaeoecologic and chronostratigraphic studies specifically for the Palaeocene and Eocene interval. During the IETM, Zumaia was part of a deep-water (>1000 m) marine basin (Winkler and Gawenda, 1999) flanked by mixed carbonate-terrigenous shelf systems (Fig. 1B) , as verified by thinly interbedded, hemipelagic and distal calciclastic-siliciclastic turbidite deposits. The interval selected (54.0 to 56.3 Ma) at Zumaia avoids a faulted interval where stratigraphic repetition or omission may occur and terminates prior to a transition to a submarine fan setting, in which erosional bed amalgamation is common (Cummings and Hodgson, 2011) . A coarse resolution study of turbidite frequency has previously been performed at Zumaia (Winkler and Gawenda, 1999; Gawenda and Winkler, 2000) ; however, it did not specifically focus on the IETM, nor were individual recurrence intervals calculated.
The second record comes from Ocean Drilling Program (ODP) Site 1068 located on the western flank of a N-S trending basement high near the southern edge of the Iberian Abyssal Plain ( Fig. 1C ; Whitmarsh et al., 1998) . The setting during the IETM was that of a distal continental rise-abyssal plain transition dominated by hemipelagic muds with thin, interbedded turbidites (Whitmarsh et al., 1998) . The studied interval of core extends from 51.0-56.5 Ma.
Regional tectonic setting
While the Palaeocene to early Eocene was relatively tectonically quiet at our study sites (Vergés et al., 1995; Rosenbaum et al., 2002) , there is evidence of regional variation (see supplementary information). The most pronounced intervals of deformation postdate our study intervals, including mid to late Eocene (Masson et al., 1994) and Miocene compression (Pinheiro et al., 1996) .
Africa and Europe began to converge at ∼83 Ma, with movement of Iberia virtually ceasing from 67-55 Ma (Rosenbaum et al., 2002; Tugend et al., 2015) . This period of quiescence crosses the IETM and the start of our study intervals.
Convergence resumed in Europe, when Iberia shifted to northwestward transpression at ∼55 Ma . The resultant Pyrenean deformation was initially steady and continuous, causing minor compression landward of the Bay of Biscay (Jammes et al., 2009 (Jammes et al., , 2010 . The effect on deep-water sediment input was delayed, however, and only at ∼53.5 Ma was a change seen from a calciclastic to siliciclastic turbidite system at Zumaia (Winkler and Gawenda, 1999) . Variations in clay mineralogy at Zumaia are attributed to climatic variations and not to changing provenance or tectonic influence . Initial stages of compression were felt at the northern Iberian border (Gräfe and Wiedmann, 1993) at ∼55 Ma, progressing southward until ∼46 Ma (Tugend et al., 2015) . The Iberia Abyssal
Plain site was distal from this tectonic centre during our study interval. The intensification of Iberia-Europe convergence did not occur until ∼51 Ma (Roest and Sriverstava, 1991; Rosenbaum et al., 2002) , also postdating our study intervals.
Palaeoceanographic setting
Turbidites were generally sourced from a mixed carbonate shelf in the east at Zumaia (Gawenda, 1999) . Turbidite sands were derived from proto-equivalents of major river catchments that currently drain to the Iberian shelf (Marsaglia et al., 1996) ; hence a similar setting to the present day.
Circulation was predominantly driven by deep-water formation in the Southern Ocean during the Palaeocene and Eocene (Miller et al., 1987; Katz and Miller, 1991; Pak and Miller, 1992; Bralower et al., 1997; Norris et al., 2001) , except around the IETM, where it reduced significantly (supplementary information; Kaminski et al., 1996; Norris et al., 2001 , and references therein). Tethyan outflow temporarily dominated circulation, (Kaminski et al., 1996; Norris et al., 2001 ) which was probably similar to modern Mediterranean outflow (Corfield and Norris, 1996) . The east Tethys was a probable source of high evaporation (Kaminski et al., 1996) , which accelerated during intense warming at the IETM (Barron and Peterson, 1990 ). The short-term ocean circulation change intensified boundary currents in the west Atlantic, causing erosion at the Bermuda Rise between ∼55.5 and 60 Ma (Norris et al., 2001 ).
Lower Eocene hiatuses also exist in the North and South Atlantic at ∼49 Ma (Tucholke, 1981; Aubry, 1995) ; however, these postdate our studied intervals.
Neither of our sites, nor any other Iberian and Bay of Biscay Deep Sea Drilling Program sites, show evidence for major erosion during the studied intervals. These sites show continuous sediment accumulation, absence of unconformities or hiatuses in deposition, and all biozones/subzones are identified (Canudo and Molina, 1992; Pak and Miller, 1992; Whitmarsh et al., 1998; Pardo et al., 1997; Ladner and Wise, 2001; McGonigal and Wise, 2001; Urquhart, 2001; Tremolada and Bralower, 2004) .
Late Palaeocene-early Eocene Tethyan outflow flowed northward around the Iberian margin (Kaminski et al., 1996) . The northern Bay of Biscay showed the influence of Tethyan waters, however, Zumaia registered only an Atlantic source (Kaminski et al., 1996) , indicating it was distal to effects of bottom-currents.
Site 900, the shallowest continental slope site of Iberian ODP leg 149, sampled fine grained Palaeocene and Eocene contourites, but shows no evidence for erosion (Whitmarsh et al., 1998) . The deeper water ODP sites locally show minor bottom-current influence but this is limited to slight winnowing of sandy turbidite tops (Whitmarsh et al., 1998) ; hemipelagic sediment accumulation rates are shown to be linear (Ladner and Wise, 2001; McGonigal and Wise, 2001 ).
Methods

Calculating recurrence intervals
Hemipelagic mud was deposited progressively in the time periods between turbidity currents. The thicknesses of hemipelagic mud intervals were converted to time periods by dividing by the rate of hemipelagic mud accumulation . Average hemipelagic mud accumulation rates were calculated using cumulative hemipelagic thickness between dated horizons. To do this, we must be able to identify hemipelagic mud intervals, and measure their thicknesses. The method assumes minimal fluctuations in hemipelagic mud accumulation rate between adjacent dated horizons. We therefore favour locations with better age control. It is also assumed there is little or no erosion of hemipelagic mud beneath turbidites. This assumption is based on the small depth of erosion seen in the available outcrop or core.
Hemipelagic mud intervals at Zumaia have thickness variations of <5 mm over distances of 50 m (extent of beach exposure) and trace fossils are not truncated (Bernaola et al., 2007) . Turbidites logged from ODP site 1068 have flat bases and lack irregular bases indicative of erosion. The core is ∼10 cm in diameter. Erosional features with longer length scales would not be identified (Weaver and Thomson, 1993) .
Identification of hemipelagic mud
Deposits logged visually by the authors have a vertical resolution of 5 mm. Hemipelagic mud can be clearly resolved from turbidite mud on the basis of colour and textural differences (Winkler and Gawenda, 1999; Bernaola et al., 2007; supplementary material) . Turbidite thicknesses at Zumaia range from <5-170 mm over the studied interval, with a mean thickness of 16 mm. Turbidites in ODP 1068 range from 5-675 mm in thickness, with a mean thickness of 40 mm. The present day location of ODP Site 1068 is near the southern edge of the Iberia Abyssal Plain in 5044 m water depth, and its physiography is not interpreted to have changed much since the late Palaeocene (Whitmarsh et al., 1998) . Both sites are interpreted as distal basin plain settings in accordance with the criteria of Mutti (1977) . Bedding surfaces are even and parallel, turbidites are thin, typically base-missing Bouma sequences, grain size is limited to fine sand, with low to very low angle ripples often occurring in well-developed climbing patterns. Additionally, the considerable stratigraphic thickness of the sequences, trace fossils (Whitmarsh et al., 1998; Cummings and Hodgson, 2011) and benthic foraminiferal assemblages (Whitmarsh et al., 1998; Baceta et al., 2000) indicate a deep-water basin setting.
Age framework
Age control for the Zumaia section is based on biostratigraphy (Schmitz et al., 1997; Baceta et al., 2000; Alegret et al., 2009) and magnetostratigraphy (Baceta et al., 2000; Dinares-Turell et al., 2002; Storme et al., 2012) . Dated horizons occur every 0.01 to 0.72 Myr within the Zumaia section and the interval containing the IETM is particularly well dated. This includes dates for subdivisions of the IETM, including onset, core (most intense), recovery and end phases of the Carbon Isotopic Excursion (CIE). This age control provides confidence in deriving hemipelagic accumulation rates and therefore recurrence intervals, particularly during and adjacent to the IETM. The rates of hemipelagic mud accumulation that we calculate show good correlation with those in previous studies (Winkler and Gawenda, 1999; Schmitz et al., 2001 ; supplementary material).
Age control for Iberia ODP Site 1068 is provided by biostratigraphy (Whitmarsh and Sawyer 1996; Whitmarsh et al., 1998; McGonigal and Wise, 2001; Ladner and Wise, 2001) . Dated horizons occur every 0.7 to 1.0 Myr; hence dating is not as precise as at Zumaia; however, dates are available either side of the IETM to ensure confidence in its identification. Based on these dates and the vertical resolution, the minimum resolvable interval is 1.9 kyr at ODP Site 1068, compared to 0.5 kyr at Zumaia.
Carbon isotopic records
Negative δ 13 C excursions are important because it has been proposed that they may relate to release of methane from gas hydrate in seafloor sediment, including via submarine landslides (Kennett et al., 2003; Maslin et al., 2004 Maslin et al., , 2010 . Outcrop-specific δ 13 C records based on whole-rock records are available for Zumaia Schmitz et al., 2001) . A direct comparison between turbidite frequency and the CIE can thus be made.
Comparison with sea level curve
Contrasting views of global sea level during the IETM exist (Sluijs et al., 2008) . A sea level lowstand is inferred based on records from the North Atlantic (Neal and Hardenbol, 1998) and elsewhere (Schmitz and Pujalte, 2003) , whereas Speijer and Morsi (2002) indicate a highstand in North Africa. Given these uncertainties, we do not compare turbidite recurrence intervals with sea level curves.
Results
Turbidite switch off during IETM
Turbidite recurrence intervals are broadly similar for most of the duration of two records studied here. The frequency distribution of turbidite recurrence intervals in the Zumaia section shows a good fit (r 2 = 0.99 based on least squares fit) to an exponential (Poisson) distribution (Fig. 2C) . Some scatter is expected in the tail of exceedence plots due to limited data; however, five points lie well above the trend for a true Poisson distribution at Zumaia. Four of these relate to relatively long (25.1-35.2 kyr) recurrence intervals after the IETM, and one occurs during the IETM. The frequency distribution of turbidite recurrence intervals at the Iberian ODP Site 1068 location conform more closely to a log-normal distribution ( Fig. 2B ; r long turbidite recurrence interval (Fig. 2D ) occurs in both Zumaia (54.854-54.699 Ma) and ODP 1068 (55.2-54.595 Ma) datasets. The 155 kyr turbidite recurrence interval at Zumaia is far longer than the average recurrence interval of 7 kyr. Turbidites occur on average every 13 kyr in the ODP Site 1068 record, with an anomalous recurrence interval of 605 kyr. Interestingly, both anomalously long turbidite recurrence intervals coincide with the IETM.
Modelling of uncertainty in recurrence intervals
The precision of derived recurrence intervals can be affected by several variables. Erosion by successive turbidity currents, differential compaction and dewatering, and short-term decreases in background sedimentation rate may result in thinner hemipelagic beds. In contrast, short term increases in background sedimentation will yield thicker hemipelagic beds. Uncertainty in absolute dating of intervals may also arise from biostratigraphic and mag- analysed in this study. Note that the general trends are well recreated providing confidence in our use of these data. This modelling accounts for short-term variations in hemipelagic sedimentation rates, as well as differential compaction, localised erosion, and uncertainties in age control of ±30%.
netostratigraphic data, which can lead to over-or under-estimation of recurrence intervals. To address these uncertainties we model variations in accumulation rate based on the measured data for each site to account for random variations of ±30% . We find that overall trends are well recreated, thus providing support for use of the data (Fig. 4) . For ODP site 1068, there is some deviation from a straight line trend on a log-probability plot for intervals <0.001 Myr; however, these intervals are well below the resolution of the data and should not be considered valid (see also Fig. 4.) 
Is the switch off genuine?
At both sites, the IETM interval is characterised by an approximately two to four-fold increase in background (hemipelagic) sediment accumulation rates, as noted by Winkler and Gawenda (1999) and Schmitz et al. (2001) . Unlike the rest of the sequence which features hemipelagic marls and limestones, the nonturbidite deposits during the IETM comprise calcite-depleted clay -referred to as the 'siliciclastic unit' (Orue-Etxebarria et al., 2004; Schmitz et al., 1997; Schmitz et al., 2001 ). The paucity of calcite is attributed to dissolution in response to global ocean warming (Zachos et al., 2005) . As both sites have age control points bounding the IETM, we can determine background hemiplegic accumulation rates for the 'siliciclastic unit'. At Zumaia, for example, hemipelagic accumulation rate increases from ∼1 cm/kyr to 3 cm/kr at the start of the IETM (i.e. deposition was three times faster during the IETM). We correct for this using the age model and ensure that recurrence intervals are not overestimated based solely on bed thickness. Were we to just use hemipelagic mud thickness, the anomalous interval during the IETM would be >450 kyr; however our corrected value (which accounts for the increase in accumulation rates) is 155 kyr. We accept that there is likely to be some uncertainty in continuity of sediment accumulation rates between dated horizons; however, the anomalous interval is more than an order of magnitude greater than the mean trend. This is a significantly different result. We therefore suggest that the prolonged hiatuses in turbidity current activity at both sites are genuine.
Post-IETM reduction in turbidite frequency
We now consider variation in recurrence intervals, before, during and after the CIE at the IETM. We use a non-parametric approach as the distribution is non-Gaussian. We perform unpaired Mann-Whitney and Kolmogorov-Smirnov tests for recurrence intervals classified into different time periods. P values <0.05 allow us to conclude that the populations are significantly distinct and that random sampling could not account for this difference. Recurrence intervals are compared from periods relating to the entire dataset, before the IETM (56.311 to 55.127 Ma), pre-CIE to CIE (55.127 to 54.917 Ma), CIE to recovery phase (54.917 to 54.854 Ma) and the interval post-IETM (54.749 to 54.482 Ma) for Zumaia. Interval dates are provided by the high resolution age and biostratigraphic framework of various authors (see supplementary material). Unlike ODP 1068, turbidites are identified during periods of the IETM at Zumaia; hence a higher resolution study is possible across the IETM interval. Only pre-IETM (56.390 to 55.127 Ma) and post-IETM (54.749 to 53.749 Ma) intervals are compared for the ODP 1068 site, where windows of one million years either side are selected for comparison (Fig. 5) . The analysis shows that: i) Mean and median recurrence intervals of the post-IETM window are significantly different (p < 0.008-0.001) to all the other time windows. For Zumaia, the mean recurrence interval prior to the IETM is 5 kyr, but increases after the IETM to 15.3 kyr. The mean recurrence is 7 kyr before the IETM at ODP Site 1068, and increases to 28 kyr for the 1 million year period after the IETM. ii) At both sites, mean and median recurrence intervals before and during the δ 13 C excursion are significantly different (p < 0.01) to recurrence after the IETM.
Discussion
In the following section, we first discuss the overall frequency distribution of turbidite recurrence at both sites and compare them with results from other basin plains. We then consider the anomalous switch off in turbidity current activity identified during the IETM, and the reduction in activity following the IETM. We compare our findings with published records from other IETM sites worldwide and explain the relevance for geohazard assessment. Fi-nally, we explore wider implications for climate change in relation to submarine landslide activity.
Long term controls on turbidite recurrence
Turbidite recurrence intervals for the full record at Zumaia show a good agreement with an exponential (or Poisson) distribution for recurrence intervals <25 kyr. A common frequency distribution is observed in three deep-water basin plain settings worldwide ( Fig. 2C ; Clare et al., 2014) . A Poisson distribution indicates random, time independent behaviour (Parzen, 1962) ; hence, it is unlikely that non-random processes such as sea level change exerted a dominant control on turbidite recurrence for most of the interval at Zumaia. However, recurrence intervals >25 kyr deviate significantly from the Poissonian background trend. These outliers either occur immediately after the IETM or during the IETM in the case of the longest recurrence interval. We suggest that effects of rapid climatic change during the IETM at Zumaia may have reduced the likelihood of turbidity current activity -both immediately before and during the IETM.
In contrast with Zumaia, an approximately log-normal distribution is identified for turbidite recurrence intervals at the ODP Site 1068. In the same manner that the sum of independent variables may yield a normal distribution, the product of several independent processes may create a log-normal distribution (van Rooij et al., 2013) . This may result where a sequential series of processes controls turbidity current activity (Fig. 6) . A simple example of multiplicative effects is shown as Eq. (1), where P is probability, LS denotes landslide and TC denotes turbidity current.
P (TC at ODP 1068 site) = P (trigger generates LS) × P (LS disintegrates to TC)
× P (TC runs out to site)
(1) A Poisson distribution is generated by additive independent effects, such as a random trigger, superimposition of multiple triggering processes, or several regional input sources. A hypothetical Poissonian additive probability for turbidite deposition at Zumaia, is shown in Eq. (2). A, B and C represent different source areas around the same basin margin.
P (TC at Zumaia) = P (LS-triggered TC from A) + P (LS-triggered TC from B)
+ P (hyperpycnal-triggered TC from C) (2) During the IETM, Zumaia was located ∼30 km from the shelf break in a semi-enclosed basin setting (Schmitz et al., 2001 ) that may have featured sediment input from the north, south and west. ODP Site 1068 was located more distally (∼200 km) from the shelf break, in an open setting, with a lower number of possible input sources. Therefore, the difference in frequency distribution form may be a function of basin morphology, nature and distance of input pathways, and the number of input sources. Regardless of frequency distribution form, however, both sites show an anomalous hiatus in turbidity current activity during the IETM (Fig. 1D) which is now the main focus of our discussion.
IETM-related control on landslide-turbidite recurrence intervals
The frequency of turbidity current activity is reduced significantly at the IETM. This includes a cessation of turbidity currents during the rapid warming phase, and a decrease in recurrence intensity immediately following the IETM (Fig. 5) . We now explore the relevance to geohazard assessment and future climate changes studies.
Reduced landslide frequency during the IETM
We hypothesise that dramatic climatic effects during the IETM can explain the anomalous hiatuses and modifications in longer term recurrence trends. As the IETM features a major hiatus in activity, we can confidently state that no landslide-triggered turbidity currents (as well as those triggered by other processes) reached either site during that time. To account for uncertainty in whether turbidites are all landslide-triggered, we are circumspect about stating that changes in mean recurrence intervals are solely due to changes in landslide intensity. They may also relate to turbidity currents triggered by river flood discharge, canyon-flushing events or other processes. However, it is likely that a large proportion of the turbidites at these two sites was contributed by landslides. We therefore suggest that landslide activity decreased during the IETM, rather than increasing as predicted by previous studies (Kennett et al., 2003; Maslin et al., 2004 Maslin et al., , 2010 .
Did flows route elsewhere during IETM?
The prolonged hiatuses observed at both Zumaia and ODP Site 1068 during the IETM are interpreted as a temporary "switch off" in turbidity current activity. Could it be that flows occurred, but simply did not reach these sites during this time, or else they were routed elsewhere? There is limited up-dip information that can be used to answer such questions unequivocally. A base of slope apron sequence is located 7 km to the SW of Zumaia at Ermua. Abundant turbidites and infrequent slump deposits complicate direct stratigraphic ties between Zumaia and Ermua. However, Schmitz et al. (2001) developed a high-resolution biostratigraphic and isotopic correlation across the IETM for these locations. Interpretation of stratigraphic logs (Schmitz et al., 2001 ) indicates a significant (greater than ten-fold) reduction in turbidity current activity at Ermua, coincident with the peak CIE at the IETM (Fig. 7) . Turbidites emplaced during the IETM interval at Ermua are also considerably (<30%) thinner. Mean turbidite recurrence rate at Ermua is significantly less than at Zumaia, suggesting that not all flows make it to the basin plain, which is not unexpected. However, a decrease in turbidite recurrence at the start-IETM at Ermua provides support for a prolonged break in turbidity current activity.
Was there a tectonic influence?
The westward advance of the Pyrenean chain is not interpreted to have exerted a major influence on marine sedimentation until at least approximately 51 Ma which postdates the periods considered at our study areas (supplementary information). There is evidence for steady, independent movement of the Iberian Plate from ∼55 Ma, however. Deformation was probably felt in the Pyrenean region initially but the effect at Zumaia was delayed until ∼53.5 Ma (Winkler and Gawenda, 1999; Gawenda and Winkler, 2000) which corresponds to the later progradation of a deep sea fan (Cummings and Hodgson, 2011) . Thus, this deformation also postdates our studied intervals. The initial stages of compression were focused far to the north of the Iberia Abyssal Plain and did not affect it, nor the eastward hinterland until much later (Gräfe and Wiedmann, 1993; Tugend et al., 2015) . Major tectonic modification of sediment routing pathways is also not likely, as the provenance of turbidites did not change before or after the IETM at either of our sites (Marsaglia et al., 1996; Gawenda et al., 1999) . Regardless of the interpretations above, if the sites were affected by major tectonic activity, we would expect an increase in turbidity current activity (e.g. Wagreich et al., 2011) ; instead we see a decrease in activity.
Did ocean circulation control turbidite frequency?
The influence of ocean warming at the IETM intensified Tethyan outflow (Norris et al., 2001 and references therein) . A northward- Fig. 6 . Scenarios that generate different frequency distributions. Above: Poisson distribution assuming randomly distributed earthquake (EQ) trigger is responsible for each basin turbidite. Middle: Poisson distribution resulting from the sum of regional inputs to the basin which may include landslides on different margin flanks (A) and (B) and turbidity currents triggered by other processes (C) e.g. river floods. Below: Log-normal distribution in a more distal, open setting resulting from the product of probabilities. Basin turbidite frequency is the probabilistic product of landslides (1), disintegrating to become turbidity currents (2), which travel the distance to the basin plain (3).
Fig. 7.
Turbidite recurrence intervals for Ermua, NE Spain based on detailed lithostratigraphic logs from Schmitz et al. (2001) . N = 211 turbidites. Age control is not well constrained; hence, the +/−30% uncertainty on recurrence intervals. This is used on the basis of assumptions in Clare et al. (2014) . Erosion below base of beds cannot be discounted. At the onset IETM an anomalously long period of no turbidity current activity occurs. During the IETM, turbidites are generally thinner than the periods before and after. flowing boundary current affected the Iberian margin (Whitmarsh and Sawyer, 1996) . It is possible that a strengthened influence of contour currents may have temporarily starved the Iberia Abyssal Plain of turbidity flows due to interactions on the continental slope; however, other IETM sites (Section 6.3) including Zumaia (Kaminski et al., 1996) were not affected by bottom-currents and show a similar turbidite frequency response before, during and after the IETM (Kaminski et al., 1996) . Therefore the localised effect of bottom-currents is not thought to have had a major effect on IETM turbidite frequency.
Why did turbidity current activity reduce post-IETM?
The background trend of recurrence appears to be largely insensitive to less acute, millennial oscillations in climate change. The pre-IETM interval was dominated at both sites by hemipelagic deposition interrupted by periodic turbidity currents -many of which were likely landslide-triggered. Warm and seasonally wet conditions are interpreted for the studied areas during this time (Gawenda and Winkler, 2000) ; but were dramatically altered to hot and arid at the onset-IETM, as indicated by terrestrial evaporite deposits (Schmitz and Pujalte, 2003) . The IETM featured enhanced terrestrial erosion rates, but reduced hydrodynamic energy of freshwater outflow to the oceans in NE Spain (Schmitz et al., 2001) . The elevation in deep marine background sedimentation rates (i.e. 'siliciclastic' unit) during the IETM is interpreted to be due to wind-blown transport (Schmitz et al., 2001) , which also corroborates a hot, arid onshore setting. It is therefore possible that only minor fluvial/terrigenous contributions were made during the IETM to upper slope sedimentation, and did not provide conditioning for future landslides (i.e. no critical development of sediment thickness, slope steepening or excess pore pressures). This combination of factors may explain the reduction in both turbidity currents and landslides, as sediment was either locked up on land, bypassed the slope by aeolian transport, or was diverted by contour currents (Fig. 8) . The modification of sediment routing pathways on land and on the continental shelf in response to dramatic climatic changes during the IETM may also explain the significantly different turbidite recurrence intervals following the IETM.
IETM turbidite frequency -global review
Most published IETM sections and boreholes were selected primarily for palaeoclimate studies, rather than turbidite frequency. As a consequence, there is a relative paucity of available data for a similar comparison. We summarise some existing studies ( Fig. 9 ; Table 1 ) -many of which appear to corroborate our findings, although they are mostly qualitative in nature. Eight sites from Europe, Egypt and Newfoundland show a reduction in turbidity current activity during and/or after the IETM. In particular, the Anthering section in Austria (Egger et al., 2003) shows a decrease in turbidite sedimentation rate from 20 cm/kyr (pre-IETM) to 5 cm/kyr (post-IETM) which corresponds to a drop from 45 to 2 turbidites per metre. Unlike our sites, however, a dramatic increase in turbidite frequency is found immediately prior to the IETM. This may be climate-related, or could be due to an Alpine tectonic influence. Four sites from Europe, South Atlantic and Weddell Sea make no reference to turbidites, instead indicating continuous hemipelagic sequences during the IETM. A final example, in the Eastern Alps (Wagreich et al., 2011) shows a pronounced input of sand-rich turbidites during the IETM which is unlike all the other sites. This elevated sand input is interpreted to be a result of regional tectonic activity overprinting the effects of global climatic effects (Wagreich et al., 2011) . This review indicates general agreement with our findings; however, there is a need for more detailed study. Future efforts should focus on similar deep-water sites to Zumaia and ODP Site 1068 to provide a greater number of observations for comparison.
Implications for geohazards
Our findings show that periods of future global ocean warming may not necessarily result in more frequent landslide and/or turbidity current activity on non-glacially influenced margins. This is relevant for future predictions of landslide-triggered tsunamis, as well as assessment of turbidity current impact on seafloor structures and cables. It may thus be appropriate to extrapolate geologically recent records of recurrence for future assessments. If we can relate recurrence intervals from the recent past, to field measurements in the present day, this strengthens the appropriateness Table 1 for details on locations and data sources. of using this information for future assessment and mitigation. Turbidite records from other deep sea basins should be analysed during periods of rapid climate change to enhance confidence in future assessments. The Pacific and Indian Oceans are poorly sampled, so may be good candidates for future study.
Implications for future climate change
It has been proposed that landslide activity, and subsequent dissociation of gas hydrates, may have triggered the IETM (e.g. Kennett et al., 2003; Maslin et al., 2004; Katz et al., 2001) . Our results, from local, detailed studies at two sites and a global review based on published literature, do not support this proposal. We do not identify a period of enhanced turbidity current activity prior to or at the start of the IETM, which would be expected if landslides were more common. If landslides were the primary source for methane release during the IETM, evidence is not seen at our sites. If release of buried methane is implicated in the onset of the IETM, an explanation may come from terrestrial climate effects. The transition from more humid to arid conditions at the start IETM (Schmitz et al., 2001) led to enhanced terrestrial erosion and could also have released methane from wetlands. Methane emissions from wetlands may exceed those from gas hydrates hosted in marine sediments, as suggested by isotopic analysis of methane within ice core records (Sowers, 2006) .
Recent work actually argues that the likely amount of carbon mass input at the onset CIE (4000-7000 PgC) required a major alternative source of carbon in addition to any contribution from methane hydrates (Dunkley-Jones et al., 2010) . A rapid CO 2 -driven warming event is instead implicated for the cause of the negative δ 13 C excursion (Sluijs et al., 2008) . This warming event may have contributed to hydrate dissociation as part of a positive feedback loop. The extent of the gas hydrate stability zone during the IETM was likely less than the present day due to higher ambient temperatures (Dunkley-Jones et al., 2010) . Therefore, the influence of marine hydrate dissociation on slope stability may have been relatively limited during the IETM.
It has been suggested that the periods such as the IETM present a possible proxy for understanding future anthropogenic climate change (e.g. Bowen et al., 2004) , although they are not direct analogues (Haywood et al., 2011) . Despite this, such intervals do provide valuable windows into the influence of warm climate states and elevated greenhouse gases on submarine sediment transport.
Conclusions
Several previous predictions suggested landslide and turbidity current activity should increase during periods of rapid global warming, due to dissociation of marine hydrates. Evidence from two deep-water sites indicates that the IETM corresponds to a reduction in turbidity current and landslide activity, and was followed by a period of reduced turbidity current and landslide activity. Our results have important implications for future landslidetriggered tsunami predictions, and assessment for subsea structures that maybe vulnerable to turbidity current impacts. Finally, we do not identify an increase in landslide activity prior to the IETM. We therefore suggest that globally widespread, landslidetriggered dissociation of hydrate may not be a likely cause for the negative δ 13 C excursion during the IETM. (Egger et al., 2003; Butt, 1981; Egger et al., 2009) Continental rise (3000 m to 5000 m)
IETM features a threefold increase in bulk sedimentation rates. Turbidite sedimentation decreases from 20 cm/kyr (pre-IETM) to 5 cm/kyr (post-IETM), with a marked reduction in turbidity current activity during the IETM. Just before the IETM, a marked elevation in turbidity current activity is recorded. This record may also include tectonic effects however.
A5
Umbria-Marche, Central Italy, Contessa Highway Section (Galeotti et al., 2000) Deep marine basin Pelagic sediments only identified during IETM A6 Galala Mountains, Egypt (Hontzsch et al., 2011; Speijer and Morsi, 2002; Speijer and Schmitz, 1998) Carbonate ramp and basin
Transect of boreholes shows only marl and hemipelagite during IETM.
Turbidites and debrites present before and after IETM interval.
A7
Newfoundland Basin, ODP Leg 210 (Tucholke and Sibuet, 2007) Below CCD in basin plain
Multiple turbidites before IETM, but once Eocene commences, a switch to grainstone deposition occurred A8 Svalbard, BH9/05 (Dypvik et al., 2011) Open marine Pre-IETM represented by sandy turbidites, but IETM and post-IETM appears to be shales (interpreted as hemipelagic mud)
Turbidites Not Identified (or Resolved)During IETM B1 Forada Section, Belluno Basin, NE Italy Rohl et al., 2007; Luciani et al., 2007; Agnini et al., 2007) Deep basin (∼1000 ± 500 m)
Expanded sequence of clays and marls -no reference to any turbidites IETM documented to have a five-fold increase in bulk sedimentation rate and a decrease in grain size, rate which is attributed to increased weathering and run-off, but not turbidity current activity B2 Possagno Section, Treviso, Belluno Basin, NE Italy (Agnini et al., 2006) Deep water marine Pink-reddish limestone to calcareous marlstone (pelagic to hemipelagic) succession is ascribed to the Scaglia Rossa. 14 m of finely bedded lower Eocene red calcareous marls identified during and post IETM. (Wagreich et al., 2011) Open marine Highly expanded IETM section with increased turbidite frequency at start Eocene. The pronounced input of sand fraction is interpreted by Wagreich et al. (2011) as a result of regional tectonic activity overprinting the effects of global environmental perturbations
